with HIV-exposed seronegative (HESN) or HIV-seropositive (HIV+) status in this cohort. increased Lactobacillus levels that define the BV-("normal") phenotype. We conclude 36 that cpn60 UT is ideally suited to next-generation sequencing technologies for further 37 investigation of microbial community dynamics and mucosal immunity underlying HIV 38 resistance in this cohort. (22), and 15 since the first formal report of relative HIV 42 resistance in a cohort of commercial sex workers (CSW) from Nairobi, Kenya, many of 43 whom are never infected with HIV despite years of exposure (19) . Although several 44 immunogenetic factors have been identified in HIV-exposed seronegative women 45 (HESN) in this cohort (6, 38) , no determinant has been observed in all HESN, and some 46 have seroconverted (31). Therefore, HESN status is currently described as a relative 47 rather than an absolute characteristic, defined by active sex work while remaining HIV-48 seronegative after 3 to 7 years of follow-up. 49
The mucosal immune environment is likely to play an important role in HIV 50 resistance. Mucosal surfaces of the female genital tract function as robust physical and 51 immunological barriers in the context of episodic sexual intercourse, cyclical hormonal 52 changes and the complex ecology of resident microbiota. Genital infections induce 53 mucosal inflammation and are strongly associated with HIV acquisition (18), but few 54 studies have examined the role of commensal bacteria in mediating vaginal inflammation 55
and HIV susceptibility (1). 56
Bacterial vaginosis (BV) is a continuum of physical symptoms related to 57 polymicrobial shift of vaginal microbiota from Lactobacillus-dominated to mixed 58 anaerobes including Gardnerella, Prevotella, Atopobium and other organisms (35, 57) . 59
BV is strongly associated with a number of reproductive health problems, such as 60 premature birth (21), pelvic inflammatory disease and increased vulnerability to most 61 sexually transmitted infections (32), including HIV (5). 62 on November 12, 2017 by guest http://aem.asm.org/
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Despite a lack of classic inflammatory response in BV (3), possibly abrogated by 63 antibody-and cytokine-cleaving proteases of BV organisms (13), BV is strongly 64 associated with increased levels of proinflammatory cytokines such as IL-1β, IL-6 and 65 -8 (40) and decreased mucosal defense factors such as elafin (52). In contrast, vaginal 66 lactobacilli metabolize epithelial glycogen and produce lactic acid and reactive oxygen 67 species such as hydrogen peroxide (H 2 O 2 ), widely believed to protect the reproductive 68 tract from exogenous pathogens (7, 9, 28) . The possibility of anti-inflammatory effects by 69 lactobacilli in the vagina has not been explored, although several studies of gut 70 epithelium indicate induction of epithelial defense molecules, anti-inflammatory 71 signaling and increased T-regulatory cells by specific strains (10, 33, 55) . 72
IL
Increased mucosal factors with possible anti-microbial or anti-inflammatory 73 effects, including elafin, have been observed in a subset of HESN (11, 30) , and recent 74 data indicate a reduced baseline immune activation level, or "immune quiescence", in 75 some HESN (12). These factors may explain why HIV is not transmitted in this group of 76 highly exposed women, since a critical determinant of infection is increased 77 concentration and activation status of target immune cells infiltrating mucosal surfaces 78 during inflammatory processes (23 . Since microscopy can only define bacterial morphotypes and not species 89 or strains, we used culture-based and molecular techniques to address the hypothesis that 90 HESN have increased levels of specific Lactobacillus organisms and/or decreased levels 91 of specific BV-related organisms compared to HIV-N and HIV+ women. 92
Phylogenetic analyses were based on the chaperonin-60 universal target (cpn60 93 UT), a region of the gene encoding the 60 kDa chaperonin (CPN60, HSP60 or GroEL) in 94 almost all organisms (20). An information-rich, protein-encoding region of 549-567 base 95 pairs (bp), this target has many advantages compared to the more commonly used 16S 96 rRNA gene for phylogenetic characterization of microbial communities, as we have 97 recently shown (49). Uniform distribution of sequence differences throughout the cpn60 98 UT allows for accurate taxonomic assignment with reads as short as 150bp (49), and the 99 presence of typically a single copy per genome enhances quantitative analysis (16, 17) . A 100 curated online database of over 12,000 cpn60 sequences is available for sequence 101 comparisons (www.cpndb.ca) (27) . 102
MATERIALS AND METHODS 103
Participant recruitment and sample collection. The Majengo commercial sex 104 worker (CSW) cohort has been active since the early 1980s in a market area of central 105 Nairobi. In the context of a long-standing collaboration between the University of 106 sequencing primer landing sites in bold). Amplicons were purified using an automated 136
MagnaPure system and sequenced in both directions using an ABI3730XL genetic 137 analyzer (Genomics Core, National Microbiology Laboratory). Resulting sequences were 138 assembled and trimmed using Lasergene 8 software (DNAStar, Madison, WI). Full-139 length UT (~552bp) were compared to cpnDB to determine nearest neighbour using 140
FASTA (42). 141
For clone libraries and deep sequencing, DNA was isolated from previously 142 frozen samples and cpn60 UT amplicon generated as previously described (49). For clone 143 libraries, cpn60 sequences in whole vaginal specimens were amplified using a 1:3 ratio of 144 two degenerate cpn60 UT primer sets (Set #1, Forward, H279: 5'-GAI III GCI GGI GAY 145 GGI ACI ACI AC-3', Reverse, H280: 5'-YKI YKI TCI CCR AAI CCI GGI GCY TT-3', 146 Set #2, Forward, H1612: 5'-GAI III GCI GGY GAC GGY ACS ACS AC-3', Reverse, 147 H1613: 5'-CGR CGR TCR CCG AAG CCS GGI GCC TT-3'), at four different 148 annealing temperatures (42, 50, 55 and 60°C) Bioinformatics pipeline. Just under 1,000,000 reads were generated for 64 159 samples in two GS-FLX runs, including the 44 samples discussed in detail in this paper. 160
Raw deep sequence SFF files were parsed and binned according to specimen barcode as 161 previously described (49). All deep sequencing reads were assembled using the Next-162
Generation Sequencing assembly algorithm newbler (Roche/454, Branford CT). The 163 assembly was performed using the cDNA mode for newbler, an 164 overlapMinMatchIdentity of 91%, and overlapMinMatchLength of 137 (or at least 25% 165 of the cpn60 UT), and the use of the enumerated cpn60 UT primer sequences for 166 screening. The use of a DNA sequence assembly algorithm means that each consensus 167 sequence is a multiple alignment of experimental DNA sequences. The consensus 168 sequence for each assembly then represents a proxy for each of the reads in terms of 169 taxonomic mapping. In other words, the consensus sequence is applied as the 170 representative sequence for the operational taxonomic unit (OTU), containing the set of 171 sequences within the multiple alignment. Manual inspection of each assembly was 172 conducted through the use of Tablet software to inspect the corresponding ace file (39). 173
In order to keep the number of OTU manageable in downstream analyses, 174 singletons (14.6% of total reads) were excluded from further analysis. For the 44 samples 175 described here, a total of 838 assemblies encompassing 648,508 reads were defined by 176
newbler. The majority of these assemblies (513 or 61%) were non-cpn60 UT-target 177 Median number of reads per individual was 12,468 (range 2, 629) . 237
The range in proportion of total reads attributed to each OTU was very large, from 238 >7% to <0.0002%. Therefore, the concept of "tiers of abundance" was developed, based 239 on a relative abundance of >1% (Tier 1), 0.1-0.99% (Tier 2), 0.01-0.099% (Tier 3) and 240 <0.01% (Tier 4) (Fig. S1A) . Most reads were observed in Tier 1 and most OTU 241 representing a very small number of reads were observed in Tier 4 (Fig. S1B) . 242
Abundance and phylogeny of deep sequencing reads, clones and isolates. 243
Phylogeny of deep sequencing OTU is shown in the context of cpn60 UT generated from 244 first 200bp of the cpn60 UT. OTU were collapsed into a single branch (in Fig. 1 ) and row 247 (in Table S1 (Fig. 1) . Although clearly linked by a shared valid node, 258 relationships between branch tips were generally not reproducible by bootstrap. 259
Most dramatically, a large number of OTU sharing a valid node with and ranging 260 from 89-100% identical to Gardnerella vaginalis ATCC 14018 was observed (Fig. 1) , 261 with a median of 13 and a maximum of 51 G. vaginalis OTU observed per individual. 262
This heterogeneity was also observed in clone libraries and isolates, with representatives 263 very close to (but not always identical with) deep sequencing OTU (Table S1) . Defining core microbiota. Most Tier 1 organisms were observed in the majority 275 of the study group (Fig. S1C) , however no single OTU was observed in all women due to 276 sequence heterogeneity as described above. Three groups of OTU 96-100% identical to 277
Gardnerella vaginalis, Lactobacillus iners and Prevotella timonensis were each observed 278
in 43 out of 44 women, indicating that these three species constitute a core microbiota in 279 this cohort. 280
Although the most abundant OTU was identical to E. coli, it was observed in less 281 than half of the study group. In fact, virtually all E. coli reads were found in HIV+ 282 individuals only and samples from three HIV+ individuals were mostly E. coli reads, 283 indicating a highly skewed distribution for this OTU (Table S2) . 284
Several low abundance OTU in terms of total number of reads were observed in a 285 high proportion of the study group (Table S3 ), indicating that minor constituents of the 286 microbiota were frequently detected. Interestingly, the median proportion of total reads 287 per individual was rarely greater than 1% for even the most abundant OTU, with a range 288 across several orders of magnitude (Fig. S1D) Most Clostridiales OTU were >85% identical to database sequences, indicating 296 identification of several novel organisms in this order. One group of OTU, representing 297 8.4% of total reads and observed in 89% of the study group, was virtually identical to a 298 Megasphaera sp. reference sequence from the Human Microbiome Project (56). 299
Although Prevotella timonensis was the most abundant Bacteroidetes species 300 (>8% of total reads), others include P. melaninogenica (1.4%), P. amnii (0.8%), P. 301 buccalis (0.25%) and P. zoogleoformans (0.25%). Several OTU similar to the newly 302 described species Porphyromonas uenonis made up nearly 2% of total reads. 303
All α-and β-Proteobacteria OTU were only detected by deep sequencing, mostly 304 in very small numbers (0.001-0.06% of total reads). The β-Proteobacteria Variovorax 305 paradoxus was detected in 89% of the study group. This organism has not previously 306 been reported in the vaginal microbiota, although it has been isolated from the human 307 mouth (4). A group of OTU ~90% identical to Sphingobium and Sphingomonas was also 308 observed in most individuals. These genera have recently been reported in 16S-based 309 deep sequencing studies of vaginal microbiota in American women (46). 310
Comparison of samples from HESN and HIV-N women. No differences in BV 311
diagnosis by Nugent score were observed between HESN and HIV-N women. Since 312 preliminary analysis of isolates and clone libraries confirmed fundamental differences in 313 profile of vaginal microbiota according to BV diagnosis, and selection of a truly random 314 on November 12, 2017 by guest http://aem.asm.org/ Downloaded from sample of individuals was not feasible, we decided to select for a balanced representation 315 of BV-and BV+ samples in order to ensure that any observed differences could be 316 attributed to HESN or HIV+ status rather than to differences in BV diagnosis. 317
Contrary to the hypothesis that motivated this study, no clear differences in deep 318 sequencing profile were observed in HESN compared to HIV-N women. Analysis of 319 OTU collapsed to phylum-and order-level across individuals, sorted from left to right 320 based on descending proportion of Lactobacillus reads, shows that the two groups are 321 virtually identical ( Fig. 2A) , while principal components analysis (PCA) of abundance-322 weighted phylogenetic trees for each individual, based on Unifrac (37), showed no 323 clustering of HESN individuals (Fig. 2B) . Analysis of richness, diversity and abundance 324 of higher-order phylotypes also showed no differences between HESN and HIV-N 325 individuals (Fig. S2) . 326
Visualization of the distribution of OTU detected in at least 25% of the study 327 group revealed the idiosyncrasy of individual profiles at species-and strain-level (Fig. 3) , 328 reinforcing the concept that profile of microbiota at high phylogenetic resolution is as 329 unique as a fingerprint (14). A single Gardnerella-like OTU (NC070) was observed in 11 330 of 16 HIV-N compared to only 1 of 16 HESN. Although statistically significant after 331 correction for multiple comparisons (Table S4) , this OTU was also not observed in any 332 HIV+ women; therefore its absence seems an unlikely biomarker of HESN status. 333
Comparison of samples from HIV+ and HESN/HIV-N women. Phylum-and 334
order-level analysis showed that HIV+ women were visually distinct from HESN/HIV-N 335 women ( Fig. 2A) . While 8/32 (25%) HESN and HIV-N women had samples with >95% 336
Lactobacillus OTU, the maximum proportion of Lactobacillus in HIV+ women did not 337 on November 12, 2017 by guest http://aem.asm.org/ Downloaded from exceed 80%. With the exception of three women with very high levels of Proteobacteria, 338 HIV+ women did not cluster together by PCA (Fig. 2B) , and no differences in richness or 339 diversity were observed between HIV+ compared to HESN or HIV-N women (Fig. S2) . 340
An OTU identical to E. coli was significantly more abundant in HIV+ compared 341 to HESN and HIV-N individuals (Fig. 3, Table S4 ). Although not statistically significant 342 after correction for multiple comparisons, L. crispatus was only detected in 1 of 12 HIV+ 343 women (8%), compared to 19 of 32 (59%) HESN/HIV-N women (Fig. 3, Table S4 ). 344
These observations may reflect an altered microbiota in HIV+ individuals consistent with 345 the well-known association between BV and HIV+ serostatus (51). 346
A molecular definition of BV. Several molecular patterns largely consistent with 347
BV diagnosis by Nugent score were revealed in phylum-and order-level analysis of deep 348 sequencing reads by individual ( Fig. 2A) (BV-) and the lowest proportion of Lactobacillus (BV+) cluster together unambiguously 358 (Fig. 2B) . A third cluster corresponded to samples dominated by Gardnerella, while 3 359 samples dominated by E. coli formed a fourth cluster (Fig. 2B) (Fig. 2C) . The 363 characteristics of mBVI samples (with all possible Nugent diagnoses) were compared to 364 BV+/BV-samples, based on the hypothesis that these samples are truly BV-intermediate 365 but are not defined this way by Nugent diagnosis due to the lower resolution of this 366
technique. 367
As observed in other studies (29, 34), BV+ samples had higher median richness 368 (Chao index) and higher median diversity (Simpson index) compared to BV-samples 369 (Fig. S3, A-B) . As expected based on previous observations, BV+ samples had the 370 highest abundance of Bacteroidetes and Clostridiales reads, while mBVI samples had 371 highest abundance of Gardnerella-like reads. Except for Gardnerella, mBVI samples had 372 intermediate abundance of other phylotypes compared to BV+/BV-samples. As well as 373 having the highest abundance of Lactobacillales, BV-samples had the highest abundance 374 of Proteobacteria reads (Fig. S3C) . 375
In order to control for individual idiosyncracies, samples were collapsed into 10 376 groups based on serostatus (HESN/HIV-N/HIV+) and mBV status (BV+/mBVI/BV-/ 377 Outlier). As expected, PCA (Fig. 2D) and hierarchical clustering by an independent 378 OTU-based approach conducted using Genespring (Fig. S4) confirmed that HESN or 379 HIV+ status does not define these samples phylogenetically. 380
Defining biomarkers of BV. In order to determine OTU significantly associated 381 with BV, non-parametric pairwise statistical comparisons by BV diagnosis were carried 382 out using two methods and software packages (R and Genespring) (Table S5) , for a 383 on November 12, 2017 by guest http://aem.asm.org/ Downloaded from subset of 90 OTU present in at least 25% of the study group. OTU significantly different 384 between groups after Bonferroni correction for multiple comparisons and/or significantly 385 different by both methods were considered to be potential biomarkers of BV. 386
As expected, several OTU in phylum Bacteroidetes and order Clostridiales were 387 found to be significantly more abundant in BV+ relative to BV-and/or mBVI samples, 388 including those nearest Prevotella amnii and the clostridial clones NC030 and NC040 389 (Table S5) . OTU identical to L. iners were significantly less abundant in BV+ samples 390 relative to BV-samples. Consistent with previous observations, the Proteobacteria V. 391 paradoxus was found to be significantly more abundant in BV-samples. 392
By k-means clustering of OTU using Genespring (k=6), three major patterns 393 relative to BV status were identified: those with highest abundance in BV+ (clusters 1/2), 394 mBVI (clusters 3/4) and BV-samples (clusters 5/6) (Fig. 4, Table S6 ). Consistent with 395
Unifrac PCA results, OTU closest to Clostridiales and Bacteroidetes dominate clusters 396 1/2, Gardnerella OTU dominate clusters 3/4, and Lactobacillus OTU dominate clusters 397 5/6. Several α-/β-Proteobacteria OTU were found alongside Lactobacillus and V. 398 paradoxus in clusters 5/6, indicating that these may also be associated with BV-status 399 (Table S6) . 400
401

DISCUSSION 402
Using the GS-FLX platform (Roche/454), we recently described the first cpn60-403 based phylogenetic analysis by deep sequencing (49), comparing cpn60-to 16S variable 404 regions 2/3-based phylogenies in matched samples. While the overall structure of 405 microbiota was similar, resolution (i.e. number of distinct phylotypes detected per 406 on November 12, 2017 by guest http://aem.asm.org/ Downloaded from sample) was greatly increased using cpn60 UT (49). Our findings indicate that cpn60 UT 407 is ideally suited to deep sequencing using next generation platforms. 408
The main advantage of defining consensus sequences using an assembly method, 409 as opposed to selecting a representative sequence after clustering, is that the consensus 410 sequence is the operational taxonomic unit (OTU) summarizing all reads in each 411 assembly for phylogenetic inference. This approach allows for visual inspection of 412 aligned sequences used to create the consensus sequence. The impact of sequencing error 413 in OTU assignment may also be mitigated using a consensus-based approach, although 414 this possibility was not formally evaluated. 415
Extensive sequence heterogeneity may in part represent technical error arising 416 from sequencing or sequence assembly. However, heterogeneity was more extensive in 417 some phylotypes compared to others. Extensive Gardnerella heterogeneity was first 418 observed in clone libraries and isolates, and was confirmed by deep sequencing. A similar 419 observation in three independent datasets indicates that deep sequencing error is unlikely 420 to be the sole explanation of these differences. 
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Since no unambiguous rule for collapsing OTU was established, we decided that 429 OTU as defined by newbler assembly was the most direct and reproducible basis for 430 OTU definition. Whether this set of OTU over-or under-estimates true sequence 431 diversity was not established in this study, however potential errors in OTU-calling are 432 restricted to the highest resolution (ie. at branch tips) and are therefore unlikely to affect 433 the study's main conclusions. 434
As in our previous study, we observed differences in the overall proportion of 435 specific OTU in clone libraries vs. deep sequencing reads. Although we used the same 436 primers to amplify cpn60 UT for either method, different molecular and bioinformatic 437 biases associated with the two methods are likely. Also, clone libraries were generated in 438 a smaller group (N=10) that overlapped with but was not entirely a subset of the 439 individuals selected for deep sequencing (N=44). Therefore, differences in relative 440 abundances may be related to methodological biases and/or different individuals in these 441
subsets. 442
Small sequence differences between similar OTU defined in clone libraries vs. 443 pyrosequencing may reflect actual differences between closely related strains, or may 444 result from different biases associated with generation of consensus sequences using 445 different software and datasets for clones (Gap4 using full-length cpn60 UT) vs. Therefore, the amount of unique branch length contributed by clone-only OTU is 2.6 bsps. 452
The large number of OTU with species-level designations in cpnDB contrasts 453 with recent 16S-based molecular studies that largely describe vaginal microbiota at genus 454 or higher taxonomic levels (29, 34, 46, 51) . Our findings indicate that higher resolution of 455 protein-encoding cpn60 UT allows for greater separation between closely related 456 organisms compared to other conventional targets (49). We report 55 species in 29 genera 457 from 200bp assemblies representing just over 600,000 reads, compared with 23 species in 458 10 genera reported from over 12,000,000 72bp Illumina reads of 16S v6, in a much larger 459
group of African women (29). 460
The other studies report virtually no species-level information. For example, all 461 studies report that Prevotella was observed in most individuals, however none report 462 species-level designations for this genus. In contrast, our study detected nine Prevotella 463 species (amnii, bergensis, bivia, buccalis, corporis, disiens, melaninogenica, timonensis, 464 zoogleoformans) and three Porphyromonas species (asaccharolytica, gingivalis, uenonis) (Fig. 1, Table S1 ) (25, 46, 51) . Since these women report a median of four 470 commercial sex work clients per day (range 1-10) and frequent post-coital douching (48), 471 it is somewhat surprising that vaginal microbiota should be so similar to other groups. The hypothesis that HESN have increased levels of specific types of Lactobacillus 475 and/or reduced levels of specific types of BV-related organisms compared to HIV-N and 476 HIV+ women was not supported. We originally estimated that a sample size of 15 477 individuals in each group would be sufficient to detect a 50% difference in the presence 478 of a specific OTU; however the high resolution of the present dataset (number of OTU 479 defined) and extensive variability observed between individuals make it difficult to draw 480 firm conclusions based on such small numbers of individuals at a single timepoint. 481
Longitudinal studies designed to determine dynamics of vaginal microbiota in relation to 482 pro-and anti-inflammatory mucosal factors may reveal distinct patterns in HESN 483
individuals. The present study provides a solid framework on which to base future studies. and Prevotella are likely to be involved in the establishment of BV (44). 506
By statistical analysis of relative abundance of specific OTU and k-means 507 clustering techniques in the Genespring environment, we have defined several potential 508 biomarkers of BV, including increased levels of Clostridiales clones NC030 and NC040, 509
increased Prevotella amnii and reduced levels of Lactobacillus iners. These OTU are 510 good candidates for rapid approaches to quantify fluctuations in specific bacterial 511 populations associated with BV, as we have recently shown (17) . 512 Surprisingly, several α-/β-Proteobacteria OTU, including the newly described 513
Variovorax paradoxus, were found to be most abundant in BV-samples. Like many 514 others, we have shown that increased Lactobacillus abundance is strongly tied to BV-515 status, however no previous studies that we are aware of have described a non- Branches are collapsed into clusters for visual clarity (see Table S1 ). Relative abundance 728 of deep sequencing reads for each cluster is proportional to the area of red circles, as 729 and species/strain designation for each branch and cluster are shown in Table S1 . Table S6 . 
